Abstract Alzheimer's disease (AD) is a major cause of morbidity in the elderly. AD affects over 5 million persons in the United States, but because it increases in incidence in the elderly, and because of the "graying" of the population, AD is projected to increase in prevalence by many-fold over the coming decades. AD causes progressive mental impairment, resulting in the inability of persons to care for themselves. As a consequence, AD results in enormous costs to society due to both lost productivity, and required care. Thus, improved management and treatment is essential. In this review we will briefly review current understanding of the disease, including roles of beta-amyloid and tau proteins. We will then discuss current therapies in use, including the evidence for treatments with supplements, established drugs, and investigational therapeutic strategies, recently completed and ongoing.
Introduction
Alzheimer's disease (AD) is the most common cause of dementia, currently afflicting about 5 million persons in the US. AD incidence increases markedly with age, and the US and world population has increasing proportions of elderly individuals, in part due to improved medical care. Thus the prevalence of this disease is increasing in the US [1] as well as worldwide. There are currently no treatments proven to reverse, stabilize, or even slow the course of this progressive dementing disorder. However, there are five medications approved by the US Food and Drug Administration (FDA) for treatment of Alzheimer's disease, which provide modest benefits in cognition, behavior, and function [2] , and a pharmacopeia of neuropsychiatric medications can be used to markedly ameliorate symptoms experienced by persons suffering from AD, although some of these latter are "off-label" when used for patients with AD, since their usage is not approved by the FDA for this condition.
The development of medications for AD has followed from the biological understanding of the disease. The medications approved by the FDA include neurotransmitter-based agents that interfere with deficits found in AD, including four drugs that inhibit acetylcholinesterase. The fifth approved drug is also neurotransmitter-based; it is an N-methyl-D-aspartate (NMDA)-receptor antagonist. The behavioral symptoms of AD can be usefully treated with expert use of a variety of neuropsychiatric medications including antidepressant medications, such as the selective serotonin reuptake inhibitors (SSRI), anxiolytic medications, and neuroleptic drugs (the typical and atypical antipsychotic agents). Despite popular interest in use of vitamins and supplements for AD, a large number of well-designed randomized placebo-controlled trials have not shown any benefit for each of these submitted to careful experimental testing. Actively investigated during the past 10 years have been a series of medications, of different types, which all have the aim of not simply ameliorating the symptoms of disease, but actually modifying disease progression, causing slowed degeneration. While none of these have yet shown clear efficacy, these drugs have generally been developed "intelligently," having been designed to interfere with the molecular pathological basis of the disease.
Pathophysiologic Basis of AD
Alzheimer's disease is characterized by progressive neuronal dysfunction and degeneration. The pathological hallmarks are neuritic plaques and neurofibrillary tangles [3] . These findings were described by the German physician Alois Alzheimer in 1906. However, the protein constituents of plaques and tangles were not identified until the mid1980s. Other findings include neuritic threads, which are of the same typology as tangles, granulovacuolar degeneration, neurotransmitter (neurochemical) changes, demonstrable loss of cerebral cortical synapses and, with the progression of disease, neuronal cellular degeneration and death. These latter features of synaptic loss and neuronal loss (rather than the pathologically distinctive plaques and tangles) presumably more directly relate to the cognitive and neuropsychiatric impairment in AD. It is commonly, but not universally, believed that the Aβ present in the plaques, and/or the tangles are "upstream", or causative to the synaptic and neuronal degeneration, which seem to be "downstream" events.
Plaques consist of extracellular deposits of aggregated fibrillary β-amyloid peptides. These β-amyloid (Aβ) peptides, principally the 40-amino acid (Aβ40) and 42-amino acid (Aβ42) peptides, are derived from a larger normal membrane-spanning cellular protein, the β-amyloid precursor protein (βAPP), which itself is of unclear function. Aβ is increased in the brains of persons with AD, partly in the severely aggregated form found in plaques, but also in monomers and oligomers. Increased Aβ may relate to increased production, changes in protein sorting and trafficking mechanisms, seeding and aggregation phenomena, and/or decreased clearance [4, 5] . Considerable evidence suggests that Aβ42 is a more prominent constituent of the "senile neuritic plaques" of AD. While Aβ deposits are quite specific for AD (they do not appear in other neurological disease in the non-elderly), they can be found in the brains of persons who are not known to be cognitively symptomatic. The reason why some persons have greater Aβ, and a propensity to develop Aβ deposits, or manifest them at an earlier age is unclear. A few rare individuals (less than 1 % of Alzheimer's patients) develop Aβ deposits and AD as a consequence of autosomal dominantly inherited mutations in one of three genes: βAPP, presenilin-1, and presenilin-2. In these families, the mutations are causative of disease, and indeed the existence of these strictly familial forms of the disease have provided support for the primacy of Aβ in the development of AD, since βAPP is the protein precursor of Aβ peptides, and both presenilins are involved in the proteolytic excision of the Aβ peptides from βAPP. Even in the vast majority of AD cases, which are "sporadic" or nonfamilial, other genetic risk factors have been identified, now over 10 in number. The first-identified of these, the gene apolipoprotein E, carries the most risk, with individuals carrying one or two copies of the ε4 allele having several-fold higher risk of AD. However, apolipoprotein E and the other genetic risk factors each explain only portions of the risk [6] . Extensive experimental manipulations in cell culture, organotypic slices, and experimental animals, as well as the development of transgenic animal models, have all suggested that Aβ has nervous system toxicity [7] .This observation, in combination with the genetic findings, have led to a number of investigational treatments for AD based on decreasing Aβ in the brain [8, 9] .
The neurofibrillary tangles consist of intracellular deposits of aggregated fibrillary hyperphosphorylated tau protein. Tau is a microtubule-associated protein, normally present in cells in monomeric form, in which form it interacts with tubulin and adds stability to cellular microtubules. There are six isoforms of tau, which can be grouped as "3-repeat" or "4-repeat" isoforms, based on the number of microtubule-binding domains in the protein. These tau molecules, when abnormally aggregated and phosphorylated are a hallmark of AD, in which there is generally a mixture of 3-repeat and 4-repeat isoforms. But neurofibrillary tangles are not nonspecific for AD [10] , also being found in a variety of other neurodegenerative diseases, although in some cases with different dominance of 3-repeat or 4-repeat isoforms. These diseases include certain frontotemporal dementias, progressive supranuclear palsy, corticobasal degeneration, Guamanian ALS-parkinsonism dementia complex, and chronic traumatic encephalopathy. There is growing evidence that abnormal intracellular tau may be toxic [11] , and transferred between neurons [11, 12] . Such trans-synaptic spread might be responsible for some of the neurodegeneration in AD [13] . It is not entirely clear whether the abnormal tau in AD is an essential and/or primary actor in the "cascade" of nervous system degeneration, or a downstream "marker" of neurodegeneration in AD. Regardless, neurofibrillary tangles do present a potential drug target for treating AD [14] .
The pattern of neurodegeneration in AD varies between individuals, but typically, certain areas are affected early, including the entorhinal cortex and other temporal lobe structures important for memory. Similarly, some of the deep grey nuclei, including the nucleus basalis of Meynert [15] , and locus ceruleus are prominently affected. The involvement of the cholinergic nucleus basalis was the basis for the development of the first successful AD drugs, the cholinesterase inhibitors. Their action is to inhibit normal acetylcholinesterase function in the brain, thereby increasing brain acetylcholine, in essence compensating for the cholinergic deficiency from the degenerative disease process.
The progressive neurodegenerative aspect of AD has also spawned a variety of ideas that certain supplements, vitamins, anti-oxidants, hormones, food items, neurotrophic substances, or other substances, might provide either specific or "general" benefits in the dementia of AD. We will discuss below the results of clinical trials of some of such agents.
Non-Disease Specific Therapies to Manage AD Symptoms
AD is a disorder marked by memory and cognitive change, but there are commonly changes in behavior, which can be more disturbing to patients and families than the cognitive changes. These include depressive symptoms, such as apathy, disinterest, and loss of appetite. There are also sleep disturbances, with primary insomnia and/or early morning awakening. Depressive symptoms may relate to both "primary depression" due to neurochemical changes of AD, and "secondary depression" due to the effects of memory and cognitive change on the affected patient's psyche [16] . More troubling are psychotic symptoms. These symptoms include agitation, aggression, hallucinations, and delusions of various types, mostly paranoid, and/or person or place misidentification. Presence of these symptoms often prompts activation of emergency response systems, emergency room visits, hospitalizations, and ultimately is often responsible for inability of patients to remain in their home environment. These symptoms are often ameliorated by neuropsychiatric medications.
Anti-depressants are commonly used for depressive symptoms, and may improve irritability, depressed mood, apathy, appetite change, and sleep patterns. Most frequently used are antidepressant medications of the SSRI class, such as sertraline, fluoxetine, paroxetine, citalopram, or escitalopram. Antidepressants of other classes including serotoninnorepinephrine reuptake inhibitors (e.g., venlafaxine), and other drugs such as trazodone, bupropion, and mirtazapine may also be used. Tricyclic antidepressants are typically avoided because of their anticholinergic side-effects. Antidepressants often improve patients' sense of well-being, sleep cycles, anxiety, and irritability, [17, 18] and may sometimes improve concentration, but do not improve cognition. Psychotic symptoms generally respond best to antipsychotic medications, the neuroleptics. Some reports suggest either limited, or no improvement of psychotic symptoms with acetylcholinesterase inhibitor therapy [19, 20] , memantine [21] , or antidepressant therapy [18] . However, in general, dopaminergic antagonists are required to significantly treat these symptoms, and most frequently the atypical neuroleptics are used. These drugs, which include quetiapine, risperidone, olanzapine, and clozapine, but also iloperidone, aripiprazole, and ziprazidone, are all not approved by the FDA for this use. In fact, the drugs carry warning labels on their US package inserts specifying that use of these drugs in the elderly with dementia may be associated with a small increase in mortality. However, the best controlled studies of such drugs have not demonstrated increased mortality [22] . These drugs, properly used, should be started at low doses, gradually escalated, and carefully monitored, avoiding use of higher doses than necessary to control the psychotic symptoms. Each of these drugs has risks, including sedation, weight gain, and diabetes. With the exception of quetiapine and clozapine, drug-induced parkinsonism is a common side-effect with higher doses. However, despite these risks, and even the possibility of slight increased risk of death with proper use of these drugs, the psychotic symptoms of AD are so threatening to the well-being of patients and their families, that generally physicians and patients' families are willing to accept risks for the marked benefits these drugs may provide, when used carefully and with expertise. That said, a thorough discussion of the risks, including the FDA "black box warning" is always warranted.
Neurotransmitter-Based Therapies for AD
The initial elucidation of the "cholinergic deficit" of AD [15] resulted in the development of anti-cholinesterase therapies for AD [23] . A variety of acetylcholinesterase inhibitors were given to patients with AD in a succession of clinical trials. While a few were apparently either insufficiently efficacious or had unacceptable side-effects, ultimately there were four such acetylcholinesterase inhibitor (AChEI) drugs approved in the US between 1993 and 2001, followed by another neurotransmitter-based drug, memantine hydrochloride in 2003 (See Table 1 ).
The first neurotransmitter-based drug, tacrine hydrochloride, had a short effective half-life, requiring dosing four times daily, and had common side-effects of hepatic toxicity, requiring blood monitoring. As a result, it is now very rarely used. Donepezil hydrochloride, was approved in 1996, with once daily dosing. Subsequently, rivastigmine tartrate and galantamine hydrobromide were each approved, initially with twice daily dosing, and then in formulations allowing once daily dosing (See Table 1 ). In placebo-controlled randomized controlled trials generally of about 6 months duration, but in some cases longer, each of these three AChEI drugs showed benefits in numerous trials with respect to cognition, behavior, and function. The effect size is modest. In most trials the benefit of drug versus placebo has been about 3-5 points on the 70-point Alzheimer's Disease Assessment Scale (ADAS-cog) [24] [25] [26] [27] . This can also be contextualized by comparing this degree of beneficial change to the common rate of decline, which is about the same number of points over 6-12 months. There is no good evidence that these drugs modify disease course, but there is also not evidence that in mild-moderate disease the effect of the drugs "wears-off" or is reduced over time. A variety of side-effects may be observed, which principally involve the gastrointestinal system, due to systemic pro-cholinergic activity. The induced hypermotility of the gut may cause nausea, vomiting, diarrhea, and presumed secondary loss of appetite and weight loss. Other side-effects are also cholinergic in nature and include nightmares (an effect on the brainstem), leg cramps (an effect on the neuromuscular junction) and bradycardia or even syncope (an effect on the vagal heart innervation). However, despite side-effects, the drugs are generally well tolerated. Studies show that all four approved AChEI drugs are effective in mild-to-moderate Alzheimer's disease [24] [25] [26] [27] . Donepezil also has FDA approval for use in severe Alzheimer's disease [28] , and rivastigmine has approval for dementia associated with Parkinson's disease [29] . For none of these drugs have studies clearly shown a significant benefit in persons suffering from mild cognitive impairment (MCI) [30] [31] [32] , even in such patients as incipient Alzheimer's disease is strongly suspected. For this reason, there is no FDA approval for the use of AChEI in persons with MCI. However, since the diagnostic line between MCI and mild Alzheimer's disease is often unclear, there is wide usage of the AChEI in the US in patients with MCI, despite the off-label nature of such prescriptions.
Memantine was approved for moderate-to-severe AD in 2003, and is a neurotransmitter-based therapy, that is not based on acetylcholine. This drug is said to act as an activitydependent NMDA antagonist, dampening excitatory activity when it is excessive. The drug shows modest beneficial activity on tests of cognitive impairment, and also in some trials for behavior, and function, but only in patients with moderate -to-severe disease. There is no proven efficacy in patients with mild AD, nor in persons with MCI. Because of the patient population in which this drug was successfully tested, the degree of efficacy cannot be exactly compared to that of the AChEI, but it is likely that it is not dissimilar.
Furthermore, studies using memantine as an "add-on" therapy, to patients who already are on a cholinesterase inhibitor such as donepezil, have shown benefit, indicating that the drug is not likely acting by the same mechanism as the AChEI drugs. Side-effects include constipation, but also sometimes dizziness and sedation. Overall it is well tolerated despite these potential side-effects.
Vitamins and Supplements
Vitamins and supplements are widely used by the US population. This usage is both for perceived general "prophylactic" purposes, and because of these substances, available over the counter, without prescription, are perceived as more "natural" than prescription medications, and might provide benefits in various diseases and conditions. Specifically, there is much advertising on the radio, television, internet, and books and other media promoting the benefits of these substances, that are not FDA-regulated as drugs, for diseases of the brain including dementia and specifically AD. Patients and their caregivers often view the use of vitamins or supplements as harmless. Differing substances have had their popularity wax and wane. Supplements prominently advertised for AD have recently included Gingko biloba extracts [33] , B vitamins, fish oil or other omega-3 products [34] , medium-chain fatty acids (found in a variety of foods including coconuts), and turmeric (otherwise known as curcurmin, and an ingredient of South Asian curries) [35] . Because of this interest and usage, there have been in recent years a number of studies, some of large size, examining in wellperformed randomized controlled trials the efficacy and safety of such treatments. For each of these substances, a careful review of the extant high quality studies reveals that there is not good evidence for efficacy, and that in a few cases, there are some significant adverse effects. Table 2 shows a summary of some of the randomized placebo-controlled studies on these substances.
Investigational Agents to Modify Disease Course in AD
The neurotransmitter or non-disease-specific therapies for AD do not modify the course of disease. They only provide a symptomatic benefit. Thus, for the past decade, with advances in molecular pathology, there have been increasing attempts to arrive at agents that might modify disease, by slowing, halting, or even potentially reversing the progression of AD. Since significant evidence points to a primacy of Aβ in the disease pathogenetic cascade, many of these interventions have been directed towards Aβ. The three main categories of Aβ-related intervention are therapies to decrease Aβ production, therapies to increase Aβ clearance from the brain, and treatments designed to decrease Aβ fibril formation or aggregation. Decreased production of Aβ might arguably be the most potent way of intervening in Alzheimer's disease. Aβ production can potentially be decreased through enhancement of alpha-secretase, an enzymatic activity that cuts the βAPP molecule in such a way that Aβ cannot be generated, but such a strategy has not yet resulted in significant human clinical drug studies. Reduction of Aβ production through inhibition Negative [52] 2008 Multicenter trial with 340 probable AD patients (mild to mod) also taking AChEI +/-Memantine receiving neutriceutical formula (Vitamin B6 + Vitamin B12 + Folic Acid) for 18 months. Treatment group had no benefit on cognitive or functional outcomes. Negative [53] 2007 Single center trial of 89 AD patients also taking AChEI received placebo or formula ( B12 + B6 + folic acid + small amounts of other vitamins + iron) over 6 mos. Treatment group had no benefit on cognitive or functional outcomes. Vitamin C Negative [54] 2012 Multicenter Phase 1 of formula containing 500 mg VitC (below). No randomized trials of vitamin C alone. Negative [55] 2010 Single center trial of 23 patients with AD getting either both vitamins C and E or placebo, showed no benefit on cognition. Vitamin D Negative [56] 2011 Single-center trial of 95 patients with AD involving both vitamin D and intranasal insulin showed no benefit of high-dose vitamin D. Vitamin E Positive [57] 1997 Multicenter Phase 3 in probable AD (moderate) for 2 yrs, showed, after adjustment, some functional, but no cognitive benefit. Negative [58] 2009 Single center RCT of 57 probable AD patients also taking AChEI showed no benefit Negative [54] 2012 Multicenter RCT of formula containing 800 IU/d α-tocopherol showed some additional cognitive decline on formula. Negative [55] 2010 Single center trial of 23 patients with AD getting either both vitamins C and E or placebo, showed no benefit on cognition. Coenzyme Q Negative [54] 2012 multicenter trial of probable AD required to be taking AChEI +/-Memantine, with duration 16 weeks. Subjects received neutriceutical formula (Vitamin E + Vitamin C + α-Lipoic acid) or Coenzyme Q. There was no benefit to cognition or function of neutriceutical or Coenzyme Q, but some evidence of worsening cognition on formula. Fish-Oil/Omega-3/ eicosopentonic acid (EPA)
Negative [59] 2010 Multicenter trial of 402 probable AD pts on AchEI +/-memantine showed no benefit over 18 months on cognition, function, or brain atrophy. Negative [60] 2006 single center efficacy trial of 204 AD patients taking AChEI showed no benefit of DHA + EPA over 6 months on cognition. Huperzine A Negative [61] 2011 multicenter RCT with 210 AD patients showed no effect over 16 weeks on cognition or global function Gingko biloba Negative [62] 2005 Multicenter US RCT with no benefit. Negative [33] 2008 Multicenter UK RCT with no benefit. Curcurmin/ Turmeric
Negative [63] 2008 Single center RCT with no benefit Negative [35] 2008 Single center RCT with 36 AD patients over 48 weeks with no benefit. AC-1202/ medium chain triglycerides Negative [64] 2009 Multicenter trial did not show benefit in cognition on intent-to-treat analysis at end of trial (90 days).
AChEI acetylcholinesterase inhibitor; RCT randomized controlled trial of gamma-secretase, has been attempted with several drugs. Flurbiprofen, is a selective inhibitor of Aβ42 production in vitro, and in animal models, but failed in a large trial to beneficially affect AD clinical course [36] . It has been argued that one reason this drug may have failed is inadequate penetration into the human central nervous system. If a drug does not "engage the target", it cannot be expected to be efficacious. Semagacestat and avagacestat are non-selective inhibitors of gamma-secretase. Semagacestat showed pre-clinical and clinical evidence in phase 1 and 2 studies for reduction of production of Aβ. Despite relatively unchanged subject CSF Aβ levels, the drug clearly lowered plasma Aβ, and there was some evidence of decreased production of Aβ in the central nervous system [37] [38] [39] . These gamma-secretase inhibitor drugs also showed evidence of significant potential toxicity, particularly in the gastrointestinal system, skin, and eyes. Semagacestat failed to beneficially affect AD, and surprisingly, there was evidence that the drug actually had adverse cognitive effects [40] . Avagacestat, a drug with somewhat more specificity for βAPP than semagacestat, also failed to show evidence of cognitive or functional benefit [41] . Since, there is some evidence that these gamma-secretase inhibitors did affect Aβ production in the human central nervous system, their lack of efficacy is still unexplained, although it is possible that due to pharmacokinetics and rebound effects, there was not an overall chronic decrease in Aβ in the brain. It has not been elucidated whether the adverse effects on cognition were also related to effects on Aβ or were more related to "off-target" effects of inhibition of gamma-secretase. This enzymatic activity has a roster of important target molecules other than βAPP. Beta-secretase inhibitors are now being investigated, as an alternative method of effectively decreasing Aβ production [42] . Increased clearance of Aβ from the brain can also be viewed as a potentially beneficial route to decreasing progression of AD. In 1999, active immunization with Aβ was shown to decrease Aβ in mice brains [43] . Subsequently, human studies with the agent AN-1792 were halted when this agent caused meningoencephalitis in about 5 % of treated subjects [44] . There was no clear evidence of efficacy in the halted trial [45] , although a variety of later reports suggested that Aβ might indeed have been cleared [46] , and that perhaps there was suggestive evidence that "responders" to the immunization did better [47] . While AN-1792 development was stopped, other drugs based on active immunization, such as vanutide cridificar (ACC-001) are under investigation. Passive immunization, in which antibody to Aβ is delivered intravenously or subcutaneously, continues to be an important therapeutic avenue of investigation. The drug bapineuzumab failed to show efficacy in recent reports, but the drug solanezumab showed some evidence of possible efficacy in large phase 3 trials, particularly in persons with only mild disease. Other monoclonal antibodies, such as crenezumab, and gantenerumab are likewise under investigation. Some of these antibodies are more active at clearing soluble Aβ, possibly oligomeric Aβ, and others more at providing for clearance of deposited Aβ in plaques. There is reasonable evidence for at least bapineuzumab, that the drug does increase clearance of Aβ, as judged by amyloid-specific positron emission tomography [48] ; however at least this drug was unable to be delivered at large doses, due to dose-dependent side-effects of brain vasogenic edema (VE, now termed, ARIA or "amyloid related imaging abnormality") [49] . The failure of bapineuzumab, and lack of clear efficacy of solanezumab to date, have raised the question of whether the failure of these drugs indicates that increased Aβ clearance is not a useful strategy, or whether simply the increased clearance is insufficient in degree, or may be too late in the process. It is possible that by the time significant amyloid is present in the brain, that certain injurious processes are set in place that will proceed regardless of therapy. A number of trials, some sponsored in part by NIH, are proceeding using solanezumab, crenezumab, and gantenerumab, in persons with earlier stages of AD, including persons genetically at risk of AD.
Various other investigational strategies have either been completed, or are underway, in attempts to slow AD progression. In addition to specific anti-amyloid antibody immunization treatment strategies, there has been a large trial of infusion of pooled human intravenous gamma-globulin (IVIG). Recent conclusion of this study revealed no evidence of efficacy of this "immune" treatment in AD. Drug treatments designed to decrease Aβ fibrillization or aggregation, including homotaurine [50] and scyllo-inositol [51] have not proven effective. Various studies of growth factors are in very early stage development. Likewise, drugs which might decrease tau aggregation or deter neurofibrillary tangle formation are only in early stages of development.
Conclusions
The past 20 years have seen the development of five FDAapproved drugs for AD. These drugs, along with the existing armamentarium of neuropsychiatric medications for behavioral symptoms of AD, have some clinical utility. Patients have benefited from having treatments available for this previously untreatable disorder. However, none of these treatments are disease-modifying. The drugs provide symptomatic benefits without ultimately affecting disease course, which owes to progressive neurodegeneration, and ultimately involves synaptic and neuronal cell losses. The rapidly increasing body of knowledge regarding the molecular processes underlying neurodegeneration in AD, including the roles of betaamyloid, tau, protein aggregation, sorting and traffic, have given rise to a number of conceptual frameworks for intervening in AD. However, drug trials to date (during the past 10 years) designed to decrease Aβ fibrillization or aggregation, lessen production of Aβ, or decrease brain burden of Aβ through increasing Aβ clearance, have not yet resulted in a demonstrably effective therapy. While some investigators have become disheartened by the failed studies, it is most likely that further aggressive research at basic science, translational, and clinical investigations will indeed result in drug therapies that will improve management of AD by affecting disease course. Human and Animal Rights and Informed Consent This review article does not present any new investigational data involving studies with human or animal subjects.
